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•  Forming-coating  sequence  effects  on  the  corrosion  resistance  of  BPPs  were  examined. 

•  Two  process  sequence,  forming  methods,  and  PD-PS  corrosion  test  methods  were  used. 

•  Corrosion  performance  of  coating  materials  on  BPPs  was  ZrN  >  CrN  >  TiN  >  uncoated. 

•  It  was  also  found  that  thicker  coating  increased  the  corrosion  resistance. 

•  Coating  before  manufacturing  does  not  always  decrease  the  corrosion  resistance. 
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Metallic  bipolar  plate  (BPP)  with  high  corrosion  and  low  contact  resistance,  durability,  strength,  low  cost, 
volume,  and  weight  requirements  is  one  of  the  critical  parts  of  the  PEMFC.  This  study  is  dedicated  to 
understand  the  effect  of  the  process  sequence  (manufacturing  then  coating  vs.  coating  then 
manufacturing)  on  the  corrosion  resistance  of  coated  metallic  bipolar  plates.  To  this  goal,  three  different 
PVD  coatings  (titanium  nitride  (TiN),  chromium  nitride  (CrN),  zirconium  nitride  (ZrN)),  with  three 
thicknesses,  (0.1,  0.5, 1  pm)  were  applied  on  BPPs  made  of  316L  stainless  steel  alloy  before  and  after  two 
types  of  manufacturing  (i.e.,  stamping  or  hydroforming).  Corrosion  test  results  indicated  that  ZrN  coating 
exhibited  the  best  corrosion  protection  while  the  performance  of  TiN  coating  was  the  lowest  among  the 
tested  coatings  and  thicknesses.  For  most  of  the  cases  tested,  in  which  coating  was  applied  before 
manufacturing,  occurrence  of  corrosion  was  found  to  be  more  profound  than  the  case  where  coating  was 
applied  after  manufacturing.  Increasing  the  coating  thickness  was  found  to  improve  the  corrosion 
resistance.  It  was  also  revealed  that  hydroformed  BPPs  performed  slightly  better  than  stamped  BPPs  in 
terms  of  the  corrosion  behavior. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Metallic  bipolar  plates  (BPPs)  must  be  corrosion  resistant  since 
PEMFC  environment  is  acidic  and  humid  [1].  In  order  to  improve 
the  corrosion  resistance  of  metallic  BPP  and  meet  the  DOE 
(Department  of  Energy,  USA)  target  for  corrosion  current  density  of 
lower  than  1  pA  cm-2  [2],  surface  treatments  such  as  coatings  are 
extremely  important  [1].  These  coatings  need  to  be  electrically 
conductive  and  corrosion  resistant.  There  are  various  coating  ma¬ 
terial  alternatives  such  as  polymers,  noble  metals,  metal  nitrides, 
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metal  carbides,  etc.  that  can  be  applied  on  metallic  plates  to  satisfy 
the  DOE  target  [3].  Carbon  based  or  metal-based  coating  materials 
are  widely  reported  in  literature  [4].  Studies  available  in  the  liter¬ 
ature  mostly  preferred  the  physical  vapor  deposition  (PVD)  method 
for  coating  of  metallic  materials  against  corrosion  [5—7]. 

Garcia  and  Smit  selected  the  polypyrrole  coated  SS  304  sheet 
sample  to  study  the  corrosion  endurance  of  the  coating.  The  elec¬ 
trodeposition  method  was  employed  to  cover  a  1  cm2  surface  area 
of  the  substrate  material  with  diverse  amount  of  polypyrrole.  They 
observed  that  polypyrrole  improved  the  corrosion  behavior  of  the 
sample,  however;  determining  the  optimum  coating  composition 
was  required  to  achieve  long-term  stability  in  PEMFC  [8].  Wang  and 
Northwood  also  examined  the  effect  of  polypyrrole  coating  mate¬ 
rial  on  the  corrosion  behavior  of  SS  316L.  Galvanostatic  and  cyclic 
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voltammetric  processes  were  used  to  deposit  the  coating  on  the 
2.25  cm2  surface  area  [9].  It  was  concluded  that  the  positive  effects 
of  polypyrrole  coating  on  corrosion  resistance  was  similar  to  that  in 
Garcia  and  Smit.  Ren  and  Zeng  combined  the  polypyrrole  with  a 
polyaniline  to  have  a  bilayer  composite  coating  material  in  their 
study.  They  reported  that  composite  coating  was  better  than  single 
polypyrrole  coating  in  terms  of  the  corrosion  characteristic  [10]. 
Joseph  et  al.  tested  two  polymer-coating  materials  (polypyrrole, 
polyaniline)  in  their  work.  They  supported  the  previous  results  by 
others  regarding  with  the  good  corrosion  behaviors  of  these  coat¬ 
ings  [11].  Morks  et  al.  reported  promising  corrosion  resistance  re¬ 
sults  for  plasma-sprayed  W-Ni  coatings  [12].  Another  work  by  Lee 
and  Lim  investigated  a  polymer  composite  of  polyamide-imide 
filled  with  carbon  black  by  determining  the  optimum  carbon 
black  content  for  BPP’s  better  corrosion  and  lower  contact  resis¬ 
tance  [13]. 

Lee  et  al.  compared  the  corrosion  resistance  SS  316L  and  AA 
5052  sheets  that  were  shaped  into  the  BPPs  via  CNC  machining  or 
EDM.  The  AA  5052  sheet  was  coated  with  the  YZU001  diamond-like 
coating  by  means  of  physical  vapor  deposition  (PVD)  technique 
while  the  SS  31 6L  used  as  uncoated.  Although  the  SS  316L  was 
uncoated,  it  demonstrated  higher  corrosion  resistance  than  the 
coated  AA  5052.  Nevertheless,  the  aluminum  possessed  lower 
contact  resistance  value  compared  to  SS  31 6L  sheet  [14]. 

Similar  to  many  other  researchers,  Yu  et  al.  selected  the  SS  31 6L 
material  to  test  the  coating  influence  on  corrosion  behavior.  Au¬ 
thors  coated  the  SS  31 6L  sample  with  a  tantalum  (Ta)  coating 
through  PVD  process.  Comparison  between  uncoated  and  coated  SS 
316L  samples  disclosed  that  the  Ta  coating  improved  the  corrosion 
resistance  of  the  sample  [6]. 

Jung  et  al.  manufactured  the  BPPs  from  the  titanium  block  with 
the  dimension  of  7.5  x  7.5  x  1.2  cm.  The  BPP  had  serpentine  type 
flow-fields  with  1  mm-deep  channels,  and  5  cm2  surface  area.  The 
BPP,  covered  with  1  pm  gold  coating,  increased  the  unit  cell  per¬ 
formance  by  blocking  the  oxidation  forming  on  surface  [15].  Simi¬ 
larly,  Kumar  et  al.  noted  that  gold  coatings  provide  excellent 
corrosion  protection  for  metallic  BPPs  even  with  nanometer 
thickness  level  (10  nm)  [1].  In  another  study  by  Yun,  firstly  the 
0.1  pm  titanium  or  nickel,  and  then  the  1  pm  and  2  pm  gold  was 
deposited  on  the  surface  of  SS  316L  blanks  by  electron-beam- 
evaporation  process.  Results  indicated  the  gold-coated  samples  as 
appropriate  BPP  candidates  in  PEMFC  [16]. 

Yoon  et  al.  studied  several  substrates  (SS  304,  SS  310,  SS  316) 
and  coating  materials  (Ti,  Zr,  ZrN,  ZrNb,  ZrNAu,  2  nm-10  nm- 
1  pm-thick  gold)  through  PVD  coating  process.  Both  anode  and 
cathode  environments  of  PEMFC  were  simulated  in  polarization 
tests  for  coated  metal  samples  with  a  3  cm2  surface  area.  Ac¬ 
cording  to  the  corrosion  test  results,  Zr,  ZrN,  ZrNb,  ZrNAu  and 
10  nm-thick  gold-coated  samples  met  the  DOE  target  in  the  anode 
side  while  only  the  Zr  coated  sample  reached  the  DOE  target  in 
the  cathode  side.  Moreover,  thicker  coating  materials  were  found 
to  demonstrate  higher  corrosion-resistance  [17].  Barranco  et  al. 
reported  the  corrosion  behaviors  of  single  chromium  nitride  (CrN) 
and  multilayer  zirconium-chromium  nitride  coatings  on  the  AA 
5083  alloy.  Coatings  were  applied  by  means  of  the  cathodic  arc 
evaporation  physical  vapor  deposition  (CAE-PVD)  method  on  one 
side  of  the  samples.  Short-term  corrosion  tests  confirmed  the 
suitability  of  these  coatings  and  the  PVD  coating  method  for 
aluminum  plates  [7]. 

Jeong  et  al.  and  Feng  et  al.  experimented  on  Ni-Cr  rich-coating- 
layers  and  reported  that  the  amount  of  Ni-Cr  content  should  be 
optimized  to  accomplish  expected  corrosion  resistance  for  SS  316L 
BPP  in  PEMFC  [18,19].  Barronco  et  al.  investigated  the  BPPs  of  CrN- 
coated  AA  5083  by  using  three  different  coating  thicknesses  (3,  4, 
5  pm).  Although  CrN  coated  AA  5083  displayed  better  corrosion 


resistance  compared  to  uncoated  aluminum,  it  may  not  be  appro¬ 
priate  for  BPP  since  some  corrosion  pitting  holes  were  detected  on 
the  surface  after  corrosion  test  [20].  On  the  other  hand,  Tian  and  Fu 
et  al.  also  researched  CrN  film  on  the  SS  316L  BPP  material  and  their 
results  noted  promising  features  of  CrN  in  terms  of  electrochemical 
stability  and  interfacial  electrical  conductivity  [21-23]. 

Wang  et  al.  utilized  TiN  coating  on  the  SS  31 6L  with  the  PVD 
coating  technique.  Two  electrochemical  (potentiodynamic  and 
impedance)  test  methods  were  used  to  evaluate  the  corrosion 
resistance.  Approximately  15  pm-thick  TiN  coating  was  found  not 
to  be  a  good  coating  option  for  BPP  since  it  incorporated  pinholes 
[24].  Zhang  et  al.  preferred  SS  304  substrate  material  as  BPP  to 
observe  the  corrosion-resistance  performance  of  TiN  coating. 
Different  from  Wang  et  al.,  Zhang  et  al.  implemented  two  different 
coating  processes:  pulsed  bias  arc  ion  plating  (PBAIP)  and  magne¬ 
tron  sputtering  (MS)  in  their  study.  The  results  specified  Ti2N/TiN 
multilayer  coating  as  the  corrosion  resistant  coating  for  BPP  [25]. 

Eriksson  at  al.  studied  the  formability  and  corrosion  behavior 
of  TiN-coated  AISI  304  stainless  steel.  Corrosion  tests  were  con¬ 
ducted  after  the  forming  process.  The  authors  reached  following 
conclusions; 

1  Hard  coating  did  not  prevent  the  formability  of  the  coated 
sheet, 

2  Although  some  cracks  were  observed  under  the  microscope 
after  the  manufacturing  process,  uniform  coating  color  was  still 
seen  on  the  surface, 

3  With  higher  coating  thicknesses,  cracks  numbers  declined, 

4  Forming  process  reduced  the  corrosion  resistance  of  TiN  coated 
sample,  however,  TiN  coated  sample  showed  better  corrosion 
protection  than  the  uncoated  sample  as  expected  [26]. 

There  are  several  other  studies  on  performance  of  TiN,  CrN, 
TiAIN,  CrN— Ti,  TiC  and  multilayer  TiN/CrN  coatings  applied  mostly 
on  SS  316L  substrates  [27-35]. 

Fu  et  al.  studied  three  different  carbon-based  films  (C,  C-Cr,  and 
C-Cr-N  films)  as  coating  materials  for  SS  316L  BPP.  Only  the  C-Cr 
film  coated  sample  was  found  to  be  suitable  in  PEMFC  conditions 
according  to  potentiodynamic  and  potentiostatic  test  results  [36]. 
Feng  et  al.  also  coated  SS  316L  coupons  with  carbon  film. 
Amorphous-carbon  (a-C)  coating  was  processed  via  close  field 
unbalanced  magnetron  sputter  ion  plating  (CFUBMSIP)  technique. 
They  concluded  that  a-C  could  be  an  alternative  coating  material  for 
the  metallic  BPPs  [37].  The  positive  effects  of  the  carbon-based 
coatings  on  the  metallic  BPP  in  corrosion  resistance  were 
repeated  by  Fukutsuka  et  al.  and  Lee  et  al.  [38,39]. 

Another  way  to  improve  corrosion  resistance  and  lower  the 
contact  resistance  of  BPP  is  surface  modification  methods  [40].  Lee 
et  al.  applied  surface  treatment  on  the  SS  316L  specimen  to  obtain  a 
better  surface  quality  resulting  in  high  corrosion  resistance  and  low 
contact  resistance.  They  observed  that  since  the  surface  became 
smoother  after  treatment,  the  sample  was  developed  into  a  more 
corrosion  resistant  material  [41].  Cho  et  al.  performed  the  chro¬ 
mizing  surface  modification  on  SS  316L  material  by  pack  cemen¬ 
tation  method.  This  treatment  improved  the  corrosion  protection 
feature  of  the  sample  in  short-term  tests,  while  no  development  on 
the  corrosion  behavior  was  seen  after  10  h-long-term  test  [42].  In 
addition,  chromized  steels  were  recommended  in  terms  of  the 
electrochemical  stability  in  literature  [43-46].  Another  option  to 
coat  BPP  is  niobium,  which  was  reported  in  literature  with  prom¬ 
ising  anti-corrosion  performance  [47^9]. 

All  of  these  studies  showed  that  corrosion  resistance  target  can 
be  satisfied,  however;  in  most  of  them,  both  corrosion  and  contact 
resistance  targets  were  not  satisfied  at  the  same  time.  The  contact 
resistance  target  level  set  by  DOE  is  less  than  10  mQ  m2  at 
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140  N  mm-2.  It  is  essential  to  coat  or  modify  the  substrate  material 
in  order  to  meet  both  corrosion  and  contact  resistance  targets. 
Therefore,  there  are  ongoing  efforts  to  find  and  develop  suitable 
substrate-coating  material  combinations  that  provide  sufficiently 
high  corrosion,  and  low  contact  resistance  for  BPPs.  Multi-faceted 
investigations  from  different  perspectives  including  the  effect  of 
process  sequence  (coating,  then  forming  of  BPPs  vs.  forming,  then 
coating)  on  corrosion  and  contact  resistance  performance  of  BPPs 
may  reveal  important  information  to  satisfy  the  requirements. 

There  are  two  different  possible  sequences  for  manufacturing  of 
coated  BPPs:  (1 )  coating  is  applied  on  the  sheet  material,  and  then  it 
is  formed  (shaped  by  manufacturing)  into  the  BPP  with  micro¬ 
channels  of  flow  field;  (2)  BPP  is  formed  first,  and  then  coated.  It 
is  assumed  that  the  process  sequence  affects  the  BPP  corrosion 
performance  since  surface  conditions,  thus  manufacturing,  have 
influence  on  corrosion  resistance  characteristics.  If  the  coating  is 
applied  onto  blanks  before  manufacturing  process,  it  offers  several 
advantages  such  as  improved  product  quality,  reduced  production 
cost,  and  shorter  and  automated  processing  cycle,  reduction  of 
production  scrap  and  energy  savings  [50]. 

As  summarized  above,  this  field  needs  to  research  more  to  find 
out  the  effect  of  manufacturing  and  the  process  sequence  on  coat¬ 
ings  and  corrosion  resistance  for  PEMFC  BPPs  characteristics.  This 
study,  therefore,  is  dedicated  to  the  experimental  investigations  on 
the  process  sequence  effect  on  the  corrosion  resistance  of  metallic 
BPPs  manufactured  using  stamping  and  hydroforming  processes. 
Previous  studies  by  the  authors  examined  the  corrosion  resistance  of 
metallic  BPPs  that  were  coated  after  forming  [51].  Current  investi¬ 
gation,  however,  aims  revealing  the  corrosion  resistance  perfor¬ 
mance  of  coated  BPPs  produced  with  two  different  forming  methods 
(stamping  and  hydro  forming)  and  above-mentioned  two  different 
process  sequences.  Subsequent  sections  present  the  experimental 
conditions,  corrosion  resistance  test  results,  and  conclusions. 

2.  Experimental  procedure 

Two  manufacturing  methods,  namely  hydroforming  and 
stamping,  were  used  to  produce  metallic  BPPs.  SS  316L  (Brown 
Metals  Co.,  Rancho  Cucamonga,  CA,  USA)  sheet  blanks  with  51  pm 
thickness  were  used  as  BPP  substrate  material.  Titanium  Nitride 
(TiN),  Chromium  Nitride  (CrN),  Zirconium  Nitride  (ZrN),  at  three 
different  thicknesses  (0.1,  0.5,  1  pm)  were  selected  as  surface 
coatings.  Two  different  process  sequences  were  followed:  1)  Sheet 
blanks  were  formed  to  BPPs  first,  and  then  coated,  2)  Sheet  blanks 
were  coated  first,  and  then  formed.  Those  two  forming-coating 
sequences  will  be  referred  as  (1)  formed-coated  and  (2)  coated- 


formed  hereafter.  In  some  figures,  first  coated  and  then  formed 
samples  were  denoted  with  the  letter  C  (i.e.  C-hydroformed  instead 
of  coated-hydro formed)  as  well.  Fig.  1  shows  coated  BPP  images 
before  and  after  manufacturing. 

Coating  process  for  sheet  blanks  and  formed  BPPs  were  per¬ 
formed  by  Tanury  Industries  (Tanury  Industries  Co.,  Lincoln,  RI, 
USA).  The  details  of  PVD  coating  process  can  be  found  elsewhere 
[17,51]. 

After  BPPs  were  manufactured,  they  were  exposed  to  poten- 
tiodynamic  (PD)  and  potentiostatic  (PS)  corrosion  tests.  Since  the 
corrosion  formation  in  the  cathode  side  is  known  to  be  faster  and 
more  severe  than  that  of  in  the  anodic  side  as  reported  in  several 
studies  [32,33,37],  only  O2  gas  was  bubbled  into  the  solution  of  the 
corrosion  test  cell  to  simulate  the  cathodic  condition  of  the  PEMFC. 
Blank  samples  (coated  and  uncoated)  were  also  included  in 
corrosion  tests  for  comparison  purposes.  Extensive  scanning  elec¬ 
tron  microscopy  investigations  were  performed  on  the  micro- 
channel  peaks  of  the  BPPs  before  and  after  PS  corrosion  tests  us¬ 
ing  JSM-5610LV  SEM  (JEOL  Ltd.,  Tokyo,  Japan).  EDX  analyses  were 
also  performed  on  some  coated  samples  to  determine  the  chemical 
properties  of  the  surface  using  Hitachi  FE-SEM  Su-70  (Hitachi,  Ltd., 
Japan).  Statistical  analyses  were  performed  by  means  of  ANOVA 
technique  on  the  PD  corrosion  test  results  to  reveal  the  significance 
of  process  variables. 

2.1.  Manufacturing  of  BPPs 

Stamping  and  hydroforming  processes  were  implemented  for 
manufacturing  of  BPPs  with  several  micro-channels.  Hydroforming 
is  noted  for  better  formability,  channel  height,  and  uniform  thick¬ 
ness  distribution  as  well  as  decreased  tool  cost  by  using  only  one 
die  [52-55].  Stamping  process,  on  the  other  hand,  provides  faster 
cycle  time;  thus,  suitable  for  mass  production  [53,56].  Forming 
equipment  used  for  both  hydroforming  and  stamping  processes 
were  given  in  Fig.  2a  and  b. 

Based  on  previous  experience  [57-60]  force  level  of  200  kN,  and 
punch  speed  of  1  mm  s-1  in  stamping;  maximum  hydroforming 
pressure  of  40  MPa,  and  pressure  rate  of  1  MPa  s-1  in  hydroforming 
were  chosen  as  manufacturing  parameters  to  fabricate  metallic 
BPPs. 

2.2.  Corrosion  tests 

Manufactured  BPPs  were  exposed  to  corrosive  environment  to 
assess  their  corrosion  resistance.  Two  commonly  referred  electro¬ 
chemical  corrosion  test  methods  in  literature  [11,36,39,43,44] 


CrN-lpm  -  BLANK  I  CrN-ljjm  -  HYDROFORMED 


70mm 


Fig.  1.  Coated  blank  and  coated-hydroformed  samples. 
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Fig.  2.  Manufacturing  test  setups:  a)  1 -stamping  setup,  2-coated  blank  sample,  3-stamped  sample,  b)  1 -hydroforming  setup,  2-coated  blank  sample,  3-hydroformed  sample. 
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namely  potentiodynamic  (PD)  and  potentiostatic  (PS)  tests,  were 
exploited  in  this  investigation.  At  least  three  samples  from  each 
case  were  tested  in  PD  conditions,  whereas  only  one  sample  was 
used  in  long-term  PS  tests  due  to  prolonged  test  durations.  Corro¬ 
sion  test  setup  consisted  of  a  working  electrode  (BPP  sample),  a 
graphite  counter  electrode,  an  Ag/AgCl  reference  electrode  and 
acidic  solution  tank  with  a  gas  bubbler  at  the  bottom.  Acidic  solu¬ 
tion  providing  the  PEMFC  atmosphere  was  the  0.5  M  H2SO4  (sul¬ 
furic  acid).  Corrosion  cell  was  placed  into  a  furnace  and  heated  up 
to  80  °C  to  simulate  the  PEMFC  working  temperature  condition. 
Before  corrosion  test,  uncoated  samples  were  cleaned  in  an  ultra¬ 
sonic  acetone  bath  for  30  min  while  coated  samples  were  exposed 
to  this  process  for  shorter  duration  to  prevent  the  unexpected  ef¬ 
fects  of  ultrasonic  bath  and  acetone.  BPP  surface  was  selectively 
protected  by  exposing  only  channeled  area  (40  x  40  mm)  to  the 
corrosion  effect. 

Potential  range  of  -1.2  to  0.8  V  at  a  rate  of  1  mV  s"1  was  applied 
in  PD  corrosion  tests.  Polarization  curves  were  transformed  to  the 
corrosion  current  density  (/COrr)  data  by  Tafel  analysis  method.  PS 
corrosion  tests,  on  the  other  hand,  were  performed  at  a  constant 
potential  of  0.6  V  with  the  O2  purge  for  3  h.  Both  corrosion  tests 
were  managed  via  Solartron  1287  Electrochemical  Interface 
potentiostat  device  (Solartron  Analytical,  Oak  Ridge,  TN,  USA). 

Corrosion  current  density  values  (/COrr)  were  used  to  evaluate  the 
corrosion  behavior  of  the  manufactured  metallic  BPPs.  Lower 
corrosion  current  density  represents  the  higher  corrosion  resis¬ 
tance  [61].  Detailed  information  on  corrosion  test  procedure  is 
available  in  previous  studies  by  authors  [57,59]. 

3.  Results  and  discussion 

3.1.  Potentiodynamic  test  results 

Fig.  3  illustrates  PD  corrosion  test  results  with  O2  gas  for  all 
uncoated,  coated  blank  and  formed  samples  that  were  coated 
prior  to  manufacturing  (coated-formed).  Besides,  the  average  of 
corrosion  current  densities  for  each  coating  group,  which  includes 
two  different  forming-coating  sequences,  was  summarized  in 
Table  1. 


Ranking  of  corrosion  resistance  for  BPPs  from  high  to  low  was 
based  on  the  low-to-high  corrosion  current  density  values.  As  seen 
in  Fig.  3,  the  order  of  corrosion  current  density  values  from  high  to 
low  was  found  to  be  in  the  order  of  ZrN  >  CrN  >  TiN  >  Uncoated 
blank  for  most  cases.  These  results  implied  that  coating  material 
had  a  significant  impact  on  the  corrosion  characteristics  of  the 
metallic  BPPs,  as  expected.  Coating  thickness  was  another  factor, 
which  alters  the  current  density  value  of  the  sample  as  previously 
reported  in  literature  [26,27].  Current  research  confirmed  previous 
findings  as  it  was  noted  that  thicker  the  coating  the  higher  corro¬ 
sion  resistance.  1  pm-thick-coated  samples  showed  the  best 
corrosion  resistance  while  0.1  pm-thick-coated  samples  resulted  in 
the  worst  corrosion  resistance,  regardless  of  process  sequence 
(formed-coated  vs.  coated-formed).  This  fact  was  valid  for  each 
coating  group  except  the  hydroformed  samples  case.  0.1  pm-thick- 
TiN-coated  hydroformed  BPPs  yielded  lower  corrosion  current 
density  than  that  for  0.5  pm-thick-TiN-coated  hydroformed  BPPs 
among  the  formed-coated  type  samples.  The  same  trend  was 
observed  for  coated-formed  group  samples,  as  well.  Another 
important  remark  from  PD  corrosion  tests  was  that  the  blank 
(unformed-coated)  samples  displayed  better  corrosion  behavior 
when  compared  to  both  formed-coated  and  coated-formed  groups, 
in  general. 

It  was  concluded  that  manufacturing  parameters  influenced  the 
corrosion  resistance  of  metallic  BPPs.  These  results  also  showed  the 
importance  of  testing  of  manufactured  BPPs  along  with  the  blank 
samples  rather  than  testing  only  the  bulk  or  blank  sheet  samples  in 
corrosion  studies  to  gain  comprehensive  information. 

As  mentioned  above,  ZrN  coating  material  characterized  supe¬ 
rior  corrosion  endurance  among  not  only  blank  and  formed-coated 
groups  but  also  among  coated-formed  groups.  According  to  the 
previous  work  that  includes  the  formed-coated  BPP  corrosion  test 
results,  ZrN  coated  blank  and  formed  samples  met  the  DOE  target 
regarding  the  corrosion  rate  of  metallic  BPPs  except  two  cases. 
Stamped  and  hydroformed-0.1  pm-thick-ZrN-coated  BPPs  bore 
higher  corrosion  density  values  than  the  DOE  target  value  of 
1  pA  cm-2  in  cathodic  condition.  In  the  group  of  coated-formed 
BPPs  as  portrayed  in  Fig.  3,  on  the  other  hand,  only  hydroformed 
BPPs  with  1  pm-thick-ZrN  coating  satisfied  this  DOE  target. 


Fig.  3.  PD  corrosion  test  results  for  coated  and  uncoated  blanks;  uncoated  hydroformed,  stamped  samples;  and  all  other  coated-formed  samples. 
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Table  1 

Average  corrosion  current  density  data  for  formed-coated  and  coated-formed  BPPs. 
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Process  -  coating  -  thickness  (pm) 

JCorr(pAcm  2) 

formed-coated 

fcorr  (pA  Cm  2) 

coated-formed 

Process  -  coating  -  thickness  (pm) 

fcorr  (pA  Cm  2) 

formed-coated 

fcorr  (pA  Cm  2) 

coated-formed 

Hydroforming  -  TiN  -0.1 

10.19 

11.58 

Stamping  -  TiN  -  0.1 

7.80 

17.13 

Hydroforming  —  TiN  -0.5 

10.69 

11.89 

Stamping  -  TiN  -  0.5 

7.62 

12.44 

Hydroforming  —  TiN  —  1 

6.56 

6.94 

Stamping  -  TiN  -  1 

5.89 

8.60 

Hydroforming  —  CrN  -0.1 

3.32 

2.85 

Stamping  -  CrN  -  0.1 

3.47 

2.87 

Hydroforming  —  CrN  -0.5 

2.67 

1.44 

Stamping  -  CrN  -  0.5 

2.66 

1.78 

Hydroforming  —  CrN  —  1 

1.79 

1.36 

Stamping  -  CrN  -  1 

1.70 

1.22 

Hydroforming  —  ZrN  —  0.1 

1.30 

1.34 

Stamping  -  ZrN  -  0.1 

1.48 

1.66 

Hydroforming  —  ZrN  —  0.5 

0.72 

1.21 

Stamping  -  ZrN  -  0.5 

0.81 

1.31 

Hydroforming  —  ZrN  —  1 

0.33 

0.56 

Stamping  —  ZrN  —  1 

0.48 

1.08 

Moreover,  PD  corrosion  test  results  indicated  that  TiN  coating 
material  demonstrated  an  adverse  impact  on  the  corrosion  resis¬ 
tance  in  most  cases  for  formed-coated  BPPs.  Similar  conclusions 
were  obtained  for  coated-formed  BPPs,  too. 

In  order  to  assess  the  effect  of  manufacturing  process  sequence 
(i.e.  formed-coated  and  coated-formed)  on  the  corrosion  resis¬ 
tance  of  BPPs  in  detail,  the  following  subsections  were  devoted  to 
comparison  of  those  based  on  the  PD  test  results.  Firstly,  hydro- 
formed  BPPs  were  compared  from  manufacturing  sequence  point 
of  view.  Then,  the  comparisons  between  the  stamped-coated  and 
the  coated-stamped  BPPs  were  made.  Finally,  1  pm-thick  un- 
coated-coated  blank,  formed-coated  and  coated-formed  BPPs 
were  compared  as  best  performed  coating  thickness  group.  Log¬ 
arithmic  scales  were  preferred  to  cover  very  wide  range  of 
corrosion  density  values  in  graphs.  Statistical  significance  of  PD 
test  results  were  investigated  by  means  of  ANOVA  tests  as  pre¬ 
sented  in  Section  4. 


3.1.1.  Comparison  of  hydroformed-coated  and  coated-hydroformed 
BPPs 

To  reveal  the  effect  of  process  sequence  among  the  hydro- 
formed  samples  on  corrosion  resistance,  Fig.  4  was  constructed 
using  average  /COrr  values  for  hydroformed-coated  and  coated- 
hydroformed  BPPs.  It  is  observed  that  the  ZrN  and  TiN  coatings 
applied  on  sheet  blanks  prior  to  hydroforming  resulted  in  lowered 
corrosion  endurance  for  BPPs.  For  the  CrN  coating,  however;  BPPs 
became  more  resistant  when  the  sample  was  coated  before 
forming.  From  the  results  shown  in  Fig.  4,  current  density  values 
of  only  three  samples  were  located  below  the  red  dashed  line, 
which  represents  the  DOE  target.  Two  of  them  were  coated  with 
1  pm-thick-ZrN  before  and  after  hydroforming  process  whereas 
the  third  one  was  coated  with  0.5  pm-thick-ZrN  after  hydro¬ 
forming.  Additionally,  it  was  clearly  seen  that  the  decrease  in 
coating  thickness  led  to  lowered  corrosion  resistance.  Further¬ 
more,  uncoated  hydroformed  samples  exhibited  lower  corrosion 
densities  than  the  TiN  coated  samples  regardless  of  forming¬ 
coating  sequence. 


Fig.  4.  PD  corrosion  test  results  for  hydroformed-coated  and  coated-hydroformed 
BPPs. 


3.1.2.  Comparison  of  stamped-coated  and  coated-stamped  samples 
Similar  to  hydroformed  samples,  the  corrosion  properties  of 
stamped  BPPs  had  same  trend  in  terms  of  the  forming-coating 
effect.  It  was  seen  that  the  CrN  coated  BPP  samples  corroded 
severely  when  coating  applied  after  stamping  process.  In  contrast 
to  hydroformed  samples,  only  two  groups  of  coated  after 
stamping,  0.5  and  1  pm-thick-ZrN  coating  samples,  met  the  DOE 
target.  As  it  was  experienced  in  hydroforming  case,  higher 
coating  thicknesses  yielded  higher  corrosion  resistance  in  both 
formed-coated  and  coated-formed  cases.  TiN  coated-stamped 
BPPs  showed  worse  resistance  against  corrosion  than  uncoated 
BPPs,  similar  to  hydroforming  case.  Fig.  5  illustrated  all  these 
findings. 


a  Coated-Stamped 
™Stamped-Coated 
El  Coated-  Blank 
•  Coated-Hydroformed 
M  Hydroformed-Coated 
“Stamped 

□  Blank 

□  Hydroformed 


0.1pm  0.5pm 


0.1pm  0.5pm 


0.1pm  0.5pm 


CrN  1pm  ZrN  1pm 

Coating  Type  and  Thickness 


Coating  Type  and  Thickness 

Fig.  6.  PD  corrosion  test  results  for  1  pm-thick  uncoated,  coated  blanks,  and  formed 
Fig.  5.  PD  corrosion  test  results  for  stamped-coated  and  coated-stamped  BPPs.  BPPs. 
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3.1.3.  Corrosion  resistance  comparison  of  uncoated  and  1  pm-thick- 
coated  blank ,  hydroformed,  stamped,  formed-coated  and  coated- 
formed  BPPs 

Since  the  samples  with  1  pm-thick-coating  exhibited  the  highest 
level  of  corrosion  resistance,  those  were  further  analyzed  in  terms 
of  the  process  sequence  in  Fig.  6.  It  was  observed  among  all  the 
groups  that,  blank  samples  have  higher  corrosion  resistance  than 
other  that  for  other  samples.  Nevertheless,  there  was  only  one 
coating  group,  CrN,  which  broke  this  trend  as  blanks,  coated  with 
CrN  prior  to  forming  were  better  than  the  blanks  coated  with  CrN  in 
terms  of  the  corrosion  resistance.  Overall,  applying  TiN  and  ZrN 
coatings  after  manufacturing  process  increased  the  corrosion 
resistance  of  the  BPPs,  whereas  the  opposite  trend  was  observed  for 
CrN  coating.  When  forming  processes  are  compared,  stamped  and 
then  coated  BPPs  corroded  more  than  their  hydroformed  BPP 
counterparts  in  case  of  ZrN  coating,  whereas  a  corrosion  formation 
was  higher  when  BPPs  were  shaped  via  hydroforming  method  and 
then  coated  with  CrN  and  TiN  coatings.  In  general,  stamped  BPPs 
resisted  less  to  the  corrosive  environment  when  compared  to 


hydroformed  BPPs  for  the  case  of  first  coated  and  then  formed 
groups. 


3.2.  Potentiostatic  (PS)  corrosion  test  results  for  1  pm-thick  coatings 

After  assessment  of  PD  test  results,  blanks  and  BPPs  coated  with 
1  pm-thick  coatings  were  subjected  to  further  investigation  by 
means  of  PS  corrosion  tests.  These  tests  were  again  conducted  with 
O2  gas  purge  to  simulate  the  cathodic  side  of  the  PEMFC.  During  the 
3  h-long  PS  corrosion  tests,  current  density-time  data  were  con¬ 
structed  up  to  5000  s  as  the  stabilization  took  place  by  then.  PS 
corrosion  test  results  for  1  pm-thick  coated,  uncoated  blanks, 
hydroformed,  stamped,  coated-formed,  and  formed-coated  sam¬ 
ples  are  all  included  in  Fig.  7.  Fig.  8,  on  the  other  hand,  shows  the  PS 
corrosion  test  results  for  1  pm-thick  formed-coated  and  coated- 
formed  BPPs.  Since  stabilization  level  range  of  coating  groups  was 
varied  and  wide,  figures  were  generated  with  two  or  three  separate 
parts  showing  different  ranges. 
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Fig.  7.  PS  corrosion  test  results  for  1  pm-thick  coated,  uncoated  blanks,  and  formed  BPPs. 


E.  Dur  et  al.  /  Journal  of  Power  Sources  246  (2014)  788-799 


795 


Fig.  8.  PS  corrosion  test  results  for  1  |im-thick  formed-coated,  and  coated-formed  BPPs. 


PS  test  results  seen  in  Figs.  7  and  8  supported  the  findings  ob¬ 
tained  from  PD  tests  as  discussed  in  previous  sections.  TiN  coating 
showed  the  lowest  performance  among  the  tested  coatings  to 
corrosion  attack.  In  contrast  to  PD  data,  PS  tests  disclosed  the 
higher  performance  of  CrN  coatings  than  ZrN  coating.  According  to 
the  stabilization  levels  of  their  respective  curves,  both  CrN  and  ZrN 
coated  BPPs  satisfied  the  DOE  target.  The  corrosion  resistance 
performance  from  high  to  less  was  in  the  order  of  CrN,  ZrN,  un¬ 
coated  blanks,  and  TiN. 

When  the  effect  of  forming  type  on  corrosion  performance  of 
coatings  is  evaluated,  it  was  seen  that  hydroforming  process  did  not 
negatively  affect  the  corrosion  endurance  of  CrN,  ZrN,  and  TiN 
coatings  as  much  as  the  stamping  process  affected,  regardless  of  the 
process  sequence.  Besides,  coated  blank  samples  showed  the  best 
corrosion  resistance  in  each  coating  group  emphasizing  the  negative 
effect  of  forming  processes  on  the  corrosion  behavior  of  BPPs.  Unlike 
the  PD  test  results,  hydroforming  of  plates  after  ZrN  and  TiN  coatings, 
and  stamping  of  plates  after  TiN  coating  lowered  the  stabilization 
level  leading  to  enhanced  corrosion  resistance  according  to  PS  test 
results.  On  the  other  hand,  PS  test  results  revealed  that  CrN  and  ZrN 
coated,  and  then  stamped  BPPs  showed  slightly  lower  corrosion 
resistance  than  the  stamped  first,  and  then  coated  BPPs.  Another 
conclusion  derived  from  the  PS  tests  is  that  coating  the  sample  with 
CrN  before  hydroforming  process  decreased  the  corrosion  endurance 
of  the  BPPs.  These  conclusions  are  visualized  in  Fig.  8. 

SEM  images  were  acquired  from  the  surface  of  some  coated 
specimens  to  observe  the  forming-coating  sequence  effect  as  well 
as  possible  corrosion  signs  before  and  after  PS  tests.  SEM  images  of 
formed-coated  and  coated-formed  BPPs  with  1  pm-thick  TiN  and 
ZrN  coatings  are  presented  in  Fig.  9.  Intensive  macro-defects  and 
pinholes  can  be  noticed  on  the  TiN  coated  sample  before  corrosion 
test  in  Fig.  9a.  Pin-hole  type  defects  seen  on  the  surface  of  TiN 


coated  samples  before  the  corrosion  test  were  assumed  to  be 
sourced  from  coating  process  that  resulted  in  lowered  corrosion 
resistance.  PVD  coating  process  defects  could  be  decreased,  but  it 
could  be  very  difficult  to  entirely  provide  defect-free  coated  surface 
[20,34].  Moreover,  it  can  clearly  be  seen  that  TiN  coated  sample  had 
intensive  corrosion  attack  after  the  PS  test.  No  corrosion  sign  was 
noticeable  after  the  PS  test  for  the  ZrN  coating  as  seen  in  Fig.  9b. 

In  the  case  of  coating  application  prior  to  forming,  coating  cracks 
were  easily  noticeable  for  both  TiN  and  ZrN  coated  samples  (Fig.  9c 
and  d)  while  no  such  cracks  observed  on  the  surface  of  samples  that 
were  coated  after  manufacturing.  These  crack  formations  were 
undoubtedly  caused  by  the  manufacturing  process.  After  corrosion 
tests,  it  was  noticed  that  cracks  become  more  definite  for  both 
coatings.  For  the  TiN  case,  cracks  were  enlarged  after  the  corrosion 
test  as  it  can  be  seen  in  Fig.  9c. 

Although  significant  differences  were  expected  between 
formed-coated  and  coated-formed  BPPs  in  terms  of  the  corrosion 
behavior,  coated-formed  BPPs  exhibited  almost  the  same  perfor¬ 
mance  with  formed-coated  BPPs  in  most  cases  based  on  the  PD  and 
PS  corrosion  test  results.  Several  EDX  analyses  were  performed  on 
ZrN  coated  BPPs  to  confirm  these  results  in  terms  of  sequence  effect 
on  the  corrosion  behavior.  It  can  be  concluded  from  Fig.  10a— d  that 
EDX  analyses  revealed  the  decreased  Zr  content  on  the  surface  after 
corrosion  tests  and  manufacturing  process,  as  expected.  Never¬ 
theless,  these  decreases  are  not  significant  as  the  ZrN  exhibited  the 
best  performance  among  the  tested  coatings.  Therefore,  it  can  be 
said  that  corrosion  properties  of  the  BPPs  did  not  change  noticeably 
in  regard  to  forming-coating  sequence.  Similar  conclusion  was 
published  by  Eriksson  et  al.  who  examined  the  effect  of 
manufacturing  process  on  the  coated  stainless  steel.  They  reported 
improved  corrosion  behavior  even  though  some  cracks  were 
observed  on  the  coated  surface  due  to  manufacturing  process  [26]. 
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Fig.  9.  SEM  images  before  and  after  PS  corrosion  tests  for  1  jam-thick  a)  TiN,  b)  ZrN  hydroformed-coated  and  c)  TiN,  d)  ZrN  coated-hydroformed  BPPs. 
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Fig.  10.  EDX  data  for  1  |im-thick  ZrN  coated  BPPs;  a)  blank-before  PS  corrosion  test,  after  PS  corrosion  test  b)  hydroformed-coated,  c)  coated-hydroformed  from  the  smooth  area,  d) 
coated-hydroformed  from  the  cracked  area. 


4.  Statistical  analyses  (ANOVA)  for  corrosion  resistance 
performance 

In  the  light  of  PD  and  PS  corrosion  experiments,  following 
outcomes  are  reached: 

1)  ZrN  coated  BPPs  demonstrated  higher  corrosion  resistance 
than  the  BPPs  coated  with  other  materials. 

2)  Coating  the  blank  sheet  before  forming  would  not  influence  the 
BPP’s  corrosion  resistance,  considerably. 

3)  Hydro  formed  BPPs  would  resist  to  corrosion  more  than  its 
stamped  counterparts  regardless  of  the  forming-coating 
sequence. 


In  order  to  determine  the  statistical  significance  of  these  out¬ 
comes  and  PD  corrosion  test  results  between  different  test  groups, 
one-way  ANOVA  (Analysis  of  Variance)  tests  were  carried  out  on 
the  averaged  Jcor r  values  of  each  group.  At  least  three  JCOrr  data  from 
each  group  were  included  in  analyses.  Confidence  interval  (Cl)  was 
selected  as  95%.  Probability  (p)  values  were  obtained  by  one-way 
ANOVA  analyses  value  of  less  than  0.05  stood  for  significant  dif¬ 
ference  between  the  compared  groups.  1  pm-thick  coated,  un¬ 
coated,  blanks,  hydroformed,  stamped,  coated-formed,  and 
formed-coated  samples  were  included  in  statistical  analyses  only 
as  these  groups  exhibited  relatively  higher  corrosion  resistance. 

First  ANOVA  analysis  yielded  p  value  of  0.000  for  the  groups 
including  all  1  pm-thick  coated  samples  indicating  significant  dif¬ 
ferences  from  the  corrosion  resistance  perspective.  Fig.  11  plots  the 
confidence  interval  for  these  groups.  Since  1  pm-thick  ZrN  samples 
were  the  best  against  corrosion,  second  ANOVA  test  was  performed 
on  this  group  of  which  confidence  intervals  displayed  in  Fig.  12. 
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Fig.  11.  95%  confidence  intervals  for  1  pm-thick  coated-uncoated  blank,  hydroformed,  Fig.  12.  95%  confidence  intervals  for  1  pm-thick  ZrN  coated  blank,  hydroformed, 
stamped,  formed-coated  and  coated-formed  BPPs.  stamped,  coated-hydroformed,  and  coated-stamped  BPPs. 
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Similar  to  previous  case,  differences  were  found  to  be  significant  in 
this  case,  too.  Further  analyses  were  performed  to  reveal  the  sta¬ 
tistical  significance  for  manufacturing  process,  forming-coating 
sequence,  and  coating  type  and  thickness  in  subsequent  sections. 

4.1.  ANOVA  analyses  for  manufacturing  process  effect 

In  this  part  of  analyses  hydroformed  and  stamped  BPPs  with 
1  pm-thick  ZrN  coating  were  subjected  to  the  ANOVA  tests,  Prob¬ 
ability  value  of  0.152  obtained  from  ANOVA  analysis  for  formed- 
coated  samples  (stamped-coated  vs.  hydroformed-coated) 
yielding  that  there  was  no  significant  difference  between  hydro¬ 
forming  and  stamping  processes.  Second  ANOVA  test  conducted 
among  the  coated-formed  samples  yielded  p-value  of  0.015 
implying  that  hydroforming  process  was  found  to  be  decreasing  the 
corrosion  current  density  significantly  when  compared  the 
stamping  process.  Thus,  hydroforming  process  would  be  the 
promising  method  for  the  coated  substrate  material  to  form  them 
into  the  BPP. 

4.2.  ANOVA  analyses  for  forming-coating  sequence  effect 

Statistical  significance  tests  for  process  sequence  were  also 
performed  for  hydroformed-coated,  coated-hydroformed,  and 
stamped-coated,  coated-stamped  groups.  For  hydroforming  case 
with  ZrN  coating,  no  significant  difference  was  revealed  between 
two  sequences.  For  stamping  case,  on  the  other  hand,  coated  and 
then  stamped  BPPs  had  significantly  smaller  interval  plots  than  its 
stamped  and  then  coated  counterparts.  Results,  confirming  the 
previous  section,  suggested  the  preference  of  hydro  forming  process 
for  coated  metals. 

In  addition,  CrN  coated  BPPs  were  evaluated  with  ANOVA  since 
the  samples  formed  after  CrN  coating  gave  better  corrosion 
behavior  than  the  samples  formed  before  coating  in  PD  tests.  In 
conclusion,  no  significant  variation  was  observed  for  both  hydro¬ 
forming  and  stamping  cases  with  CrN  coating  in  terms  of  process 
sequence  as  p  values  of  0.128  and  0.265  were  obtained. 

4.3.  ANOVA  analyses  for  coating  type  and  thickness 

ANOVA  analysis  yielded  significant  difference  (p  =  0.012)  be¬ 
tween  ZrN  and  CrN  coatings  for  hydroforming  case.  Analysis  was 
conducted  for  the  stamping  case  in  both  coating  sequences. 
Assessment  of  results  signified  that  corrosion-preventing  feature  of 
ZrN  coating  was  significantly  stronger  than  the  CrN  coating  in  all 
cases  with  one  exception.  Corrosion  resistances  of  the  CrN  and  ZrN 
coatings  were  found  to  be  not  different  from  each  other  only  when 
the  coating  applied  on  BPP  after  stamping. 

Since  hydroformed  samples  showed  slightly  higher  corrosion 
resistance,  they  were  tested  with  ANOVA  tests.  For  0.1,  0.5, 1  pm- 
thick  ZrN  coated  hydroformed-coated  and  coated-hydroformed 
BPPs.  While  the  effect  of  coating  thickness  was  not  significant  for 
the  coated-hydroformed  samples,  statistical  analysis  revealed  the 
distinct  effect  of  coating  thickness  for  the  hydroformed-coated 
BPPs. 

5.  Summary  and  conclusion 

The  effects  of  forming-coating  sequence  on  the  corrosion 
resistance  of  metallic  bipolar  plates  has  been  investigated 
comprehensively  through  two  forming  methods,  two  different 
process  sequence,  and  three  different  coatings  at  three  distinct 
thickness  levels  as  well  as  two  different  corrosion  test  methods. 

PD  corrosion  test  results  gave  the  order  of  corrosion  perfor¬ 
mance  of  coating  materials  on  BPPs  as  ZrN  >  CrN  >  TiN  >  Uncoated 


from  the  highest  to  lower  for  most  cases.  It  was  also  found  that 
thicker  coating  increased  the  corrosion  resistance.  Coated  blank 
samples  possessed  highest  corrosion  resistance  almost  in  all  cases. 
ZrN  was  the  only  coating  type  for  both  formed-coated  and  coated- 
formed  groups  that  met  the  DOE  target.  Different  from  PD  test  re¬ 
sults,  CrN  coated  samples  exhibited  the  highest  corrosion  resis¬ 
tance  while  TiN  coated  samples  showed  the  worst  corrosion 
resistance  in  PS  test  results.  PS  test  results  also  revealed  that  all 
BPPs  coated  with  1  pm-thick  CrN  and  ZrN  met  the  DOE  target 
regardless  of  forming-coating  sequence.  PS  tests  also  demonstrated 
that  coated-hydroformed  and  hydroformed-coated  BPPs  demon¬ 
strated  higher  corrosion  resistance  than  their  stamped  counterpart 
in  most  cases. 

ANOVA  tests  resulted  in  insignificant  differences  for  the  process 
sequences  in  hydro  forming  case  (for  ZrN  and  CrN)  and  in  stamping 
(for  CrN  case  only).  In  stamping  with  ZrN  case,  however;  coated- 
stamped  BPPs  had  significantly  lower  corrosion  resistance  than 
stamped-coated  samples.  Consequently,  it  can  be  commented  that 
coating  the  BPP’s  substrate  material  before  manufacturing  process 
does  not  always  decrease  the  corrosion  resistance  of  the  BPPs. 
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